The present paper presents a numerical modelling of a double skin façade (DSF). The model developed includes a zonal model approach for the mass transfer based on the pressure difference in the DSF. The radiative and convective heat transfers are also taken into account to obtain a global coupling between the different phenomena. A full-scale DSF has been experimentally studied in summer configuration with different airflow rates through the air channels of the façade and for different angles of the solar shading devices.
In the current context of global warming, depletion of fossil fuels and increasing costs of energy consumption, the target is to obtain energy reduction while maintaining correct indoor comfort. To achieve these objectives, it is essential to optimize different parts of active façades and, in particular, for double skin façades. The advantages of using a DSF are located on two levels: during the winter period, the solar energy is used to heat the air in the façade [2] , and, in summer, it reduces the overheating periods [3] .
A double skin façade consists of a double glazing separated by a ventilated air space with two openings at the top and bottom of the façade. Generally, it can also be equipped with internal or external shading devices. In this article, Venetian blinds are assumed to be located in the air channel between the two glazed panes. Following this definition, a double skin façade can have different configurations, and an example of the geometry can be found in Figure 1 .
The first two groups of DSFs are the double skin façades with a large cavity width (0.5m − 1m), such as the one studied in the research work of M A N U S C R I P T
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Xu et al. [4] , and those with a small air channel (0.10m − 0.3m), like the one studied in this article. Some other DSFs that can also be considered are those with high rise, with a single channel, as in the case of the Occidental Chemical Center in New York City cited in the research study of Poirazis [5] , or DSFs of smaller dimensions. These DSFs are less practical from a cleaning and energy efficiency point of view.
DSFs can also be mechanically or naturally ventilated. Four configurations are possible by varying the inlet and outlet air (indoor air-indoor air, outdoor air-outdoor air, indoor air-outdoor air, outdoor air-indoor air), depending on the desired indoor climate conditions.
A key issue of double skin façades is to avoid overheating, especially in summer. Thus, DSFs are equipped with different types of solar protection blinds. Then the research can focus on the influence of the cavity and the air temperature on the air velocity field based on the position (inside, outside or between the cavities), color and angle of the blinds. Few studies have considered this problem because of the lack of multi-parameter studies.
The glass properties are also very important concerning the summer thermal comfort [6] .
Finally the behaviour of double skin façades depends greatly on the external conditions, and thus different orientations [7] or different season configurations [8] may be analyzed. One possible research objective on double skin façades is to use a control system for the various parameters mentioned above that will reduce the energy consumption while attempting to maintain acceptable thermal comfort for the occupants. Park et al. [9] proposed strategies for controlling the tilt angle of the blinds and the ventilation of Concerning the DSF models, Poirazis [5] described two types of numerical models, the CFD numerical modelling (Computational Fluid Dynamics) approach and the "network" numerical modelling. Generally, the numerical models combine CFD modelling of airflow and nodal modelling of other phenomena. In the case of nodal models, two-dimensional studies are generally performed.
For the nodal models, the channel inside the façade is cut into strips and describes the radiation exchange, convection and mass transfer, including identifying coefficients for each transfer. Safer et al. [10] determined the convective heat transfer coefficients of convective and radiative transfer from the velocity and air temperature in the cavity through a CFD model including a turbulence model.
The results of the 2D double skin façade turbulent regime were analysed by Safer et al. [11] and showed the influence of the tilt angle of the shading devices, the position of the blinds in the cavity and the position of the inlet/outlet.
Other approaches such as the dimensionless model [12] , a "common" model suitable for testing specific DSF [13] , an optical model, CFD [14] and global [15] have also been developed.
The objective of this study is to describe a new approach for the simulation of DSFs in terms of combined heat transfers. The main objective of this model is to develop a model that can be used for the evaluation of DSFs integrated in a building for at least one year. Thus, the model must be physical (all of the heat transfer processes must be taken into account), accurate M A N U S C R I P T
(nodal modelling) and computationally fast (numerical solving process and hypothesis).
The first part of the paper (part 2) describes the numerical modelling of a DSF, the assumptions and particularly the zonal model used to predict the mass transfer in the cavity. The numerical modelling can only be validated through accurate experimental data. Then part 3 of the paper is dedicated to the description of the full-scale laboratory experiment used in this study.
The numerical modelling and experimental data are compared in part 4 of this paper. Useful conclusions concerning the use of DSFs are developed in part 5.
DSF numerical modelling
To model the double skin façade, the combined heat and mass transfer are modelled:
• mass transfer -section 2.1
• radiative heat transfer -section 2.2
• convective heat transfer -section 2.3 Once the combined heat and mass transfers are modelled, the thermal energy balance (part 2.4 ) is developed to solve the coupled problem.
Mass transfer modelling
A zonal model is an intermediate approach between CFD and multizone models. This approach has the convenience of simplicity in terms of problem definition and calculation procedure, and there is a considerable [17] or Stec et al. [18] , have used the zonal models to understand the airflow inside the DSF. In our study, a similar approach is used with the difference that a detailed look at the influence of the Venetian blinds and ventilation rate is studied, and it is compared to the experimental data.
For the modelling process, the space in the DSF is discretized in n horizontal bands (see Figure 3) . For each of the cells i, the variables are the exterior glazing temperature T 1 (i), the left channel temperature T air (i, 1), the shading blinds temperature T b (i), the right channel temperature T air (i, 2) and the interior glazing temperature T 2 (i). The assumptions of two channels coupled via the Venetian blinds are justified by previous CFD studies (see Figure 2 ).
The zonal model is developed by assuming that the cavity internal airflows are functions of the internal pressure difference as proposed by Saelens [16] :
Based on the Safer research work, the airflow inside the façade is turbulent and thus n = 0.5. The cavity is divided into horizontal stripes with a height equal to the shading blind length. For each of the cells, the air mass balance can be written, so 2n equations are obtained with the pressures as unknowns.
The advantage of using this discretization is that the airflow Q a between the cells of the same stripe can be considered as a Poiseuille plane flow, and the 
with
The mass balance for the cell can be written as
where υ is the interface with an adjacent cell. The mass balance can be further presented as follows:
Proceeding with the mass balance for all the cases, a 2n-dimensional vector of equations is
The unknown vector is
M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
The first boundary condition is the inlet outdoor air flow Q ext , and, based on Figure 3 , it is clear that
Moreover, the reference pressure is imposed to be the external pressure P ext in the upper part of the DSF, so the final flow is written as
To calculate the mass flows for each cell, the air density is calculated based on the outdoor temperature in the upper/lower part of the DSF and a temperature vector written as
The solving methods used require an initial value to be defined, represented by an initial vector:
The model was integrated in Matlab , and the resolution of the nonlinear system uses the existing function from the optimization toolbox. Six layers were finally considered and found to be representative for the DSF. 
Radiative heat transfer
In a DSF, the natural convection and heat transfer play an important role. For building components, the radiative heat transfer can be divided 
Heat flow absorbed by short-wave radiation
Before calculating the flow, it is necessary to perform preliminary steps. 
Estimation of the heat flow absorbed at SW. In the following section, assessments of all four surfaces are carried out: upper blind S L , lower blind S S , internal glazing S 2 and external glazing S 1 (see Figure 5 ). The direct solar flux and the diffuse solar flux are taken into account, and the irradiance received by each surface is written as:
where E 0 i,SW represents the solar flux received directly without the multireflections and ρ j are the reflection factors, which leads to the following
By solving the above system, access to the global irradiance at SW (directly received and due to multi-reflections) received by each of the 4 surfaces is possible.
Heat flow absorbed at long wavelengths
There is also a heat transfer between the glazing in LW, directly related to the temperature of the surface and the emissivity. The model uses the radiosity method and the form factors determined by Hottel's approach to determine the flows for LW radiation. Each radiosity is defined in terms of emittance of all surfaces. Then the net heat flux radiated by each surface is expressed, considering that each surface is gray and diffuse for the emission and the reflection. The net flow in LW radiation of each surface is determined by the radiation exchange balance between surfaces:
where T s is equal to 273.15K and σ 0 is the Stefan-Boltzmann constant.
The model also takes into account the exchange in terms of the LW radiation with the outdoor (ground and sky) and the inner walls of the adjacent room. The double skin façade exchange in LW radiation with the sky and the ground and the radiative flux can be calculated using the formula:
where θ is the angle of the wall from the ground. In the case of a vertical double skin façade, θ = 90
• , and, therefore, the second term disappears. The coefficient h rc is used:
The values of h rc are in a small range for temperatures usually encountered in the building, so a constant value of h rc = 5W m −2 K −1 can be assumed.
Convection transfer modelling
In DSFs, a convective heat transfer occurs at each air-wall interface. Six 
Thermal energy balance
The time constant of the heat transfer process due to heat flow is much lower than the time constant of the building. Thus, the transient process is assumed to be a succession of steady states. For each surface element (i, s), a heat energy balance is performed by taking into account the radiative transfer and the convective transfer: 
For each cell i, the thermal energy balance of radiative and convective heat transfer for the three surfaces (interior glazing, Venetian blinds, external glazing) is written. As an example for the external glazing, the following phenomena are observed: 
The global model is solved iteratively in 2 phases. The first phase is the determination of flows within the DSF from the model of mass transfer. In this phase, the model uses the initial temperatures of the air and surface of the DSF at the first iteration and then given by the second phase during the following iterations. The second phase is the calculation of the temperatures M A N U S C R I P T
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of air and surface from the system resolution resulting from energy balances.
For this stage, the model is applied using the flows inside the double skin façade given in the first step. The resolution stops when the differences between the temperatures obtained during two consecutive cycles are below a chosen value. The model algorithm is presented in Figure 7 .
Full-scale experiment
The main problem with simplified models is to validate them with accurate experimental data. A full-scale experiment was developed for this purpose, and the aim of this section is to describe this unique test cell experiment. More information about these experiments are given in [19] .
Description of the test cell
To study and validate the numerical model proposed, detailed experimental data must be obtained The Venetian blades installed in the DSF are made of aluminium, were 2.5cm in width and 0.21mm in thickness, and the chosen color was yellow gloss. The DSF is exposed to the controlled climatic conditions, and an accurate airflow control of air supply system was build to vary different air flow rates.
Metrology
The DSF airflow measurement system is composed of two differential pressure devices (two blades, thus limiting the differential heads and turbulences) and a sensor box with the differential pressure elements. These two pressure 
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Numerical validation
This section is dedicated to a comparison between experimental data and numerical results. For the completely closed blinds (90 • ), because the theoretical transmittance is equal to 0, the first consequence is that no radiation will enter the cell. However, with multiple reflections and solar radiation leakage regions of the façade, the average radiation passing through the test cell was found to be around 20W m −2 . Table 2 resumes the thermo-physical proprieties of the external pane, the Venetian blades and internal pane (transmissivity, absorptivity and reflectivity). In Figure 10 , the theoretical temperature of the air in the left channel is close to the experimental value in the upper part of the DSF. For the bottom, a difference can be observed. The air injected into the channel is at a temperature of 31.5
• C, and it seems surprising that the air flow through the channel is at 34.6
• C only a few centimeters from the inlet, so there is doubt as to the reliability or the position of this measurement. In Figure 13 , the temperature of the shading devices increases until α = 45
• , then decreases for higher tilt angles.
For α = 0 • , the angle of incidence is low and the blades receive a small amount of irradiation radiation at short wavelengths. For α = 45
• , the blades receive a higher amount of irradiation and also have the benefit of multi-reflections. For α = 90
• , the blades are closed, and all direct radiation is received, but some part of the radiation is reflected directly to the external face of the DSF, which explains the temperature decrease. The temperature inside the glass decreases fairly regularly when the tilt angles increases.
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First observations
There is less direct short wavelength illumination received by the inner pane, which implies the significant role played by irradiation on the temperature of this element. The temperature of the exterior glazing increases when the tilt angles increases. The influence of the inclination of the blades is less important for the exterior glazing than for the internal glazing. The increase in the temperature of the external pane is linked to the multi-reflections.
Among the three temperatures analyzed in Figure 13 , the temperature of the inner pane shows the most important variations. This element of the double skin façade is therefore particularly sensitive to the management of the angle of the inclination of the blades.
The model results were compared to the experimental data on the width of the double skin façade for different positions of the x-axis ( Table 3) . The positions considered were x 1 = 0m (external glazing), x 2 = 0.05m (left channel), x 3 = 0.1m (Venetian blinds), x 4 = 0.15m (right channel) and x 5 = 0.2m
(interior glazing).
In the case of the model results, as in the experiment (see Table 3 The difference between the model and the experiment may signify that the interior is receiving a certain amount of irradiance. Furthermore, the model estimates the radiation exchange with the interior of the piece based on strong assumptions on our part.
The measure of the temperatures of the walls inside the test cell could give more certainty in these exchanges. However, the slight differences observed the temperature curves are close, and the model results seemed to be within the area of uncertainty of the experimental measurements.
One of the problems of double skin façades is to satisfy the need for summer comfort, so it is interesting to look at the temperature drop achievable through effective management of the shading and ventilation of the double skin façade. The management of these two design parameters has an important impact on the indoor conditions and the level of daylight.
When taking into account energy gains of the double skin façade, it is also interesting to know the cost of the mechanical ventilation of the DSF compared to several sides in terms of electricity bill for artificial lighting or the use of an air conditioning system.
The study of the indoor glazing temperature can give interesting insights into the control of the two parameters (air flow and tilt angle of the blades).
There seems to be a great interest in using mechanical ventilation relative to natural ventilation. The gain in temperature for the inner pane between natural ventilation and mechanical ventilation with an air flow of
varies between 1.8
• C for α = 0 • and 3.8
• C for α = 90
• . The mean air drop temperature may be considered to be around 2 • C.
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It also seems interesting to use a flow of 400m 3 h −1 rather than using
because the decrease in temperature on the inner pane is about Table 3 : Air temperature in the DSF for different positions on the x-axis - 
